Spermatogenesis is an essential precursor for successful sexual reproduction. Recently, there has been an expansion in the knowledge of the genes associated with particular stages of normal, physiological testicular development and pubertal activation. What has been lacking, however, is an understanding of those genes that are involved in specifically regulating sperm production, rather than in maturation and elaboration of the testis as an organ. By using the reversible (seasonal) fertility of the Syrian hamster as a model system, the authors sought to discover genes that are specifically involved in turning off sperm production and not involved in tissue specification and/or maturation. Using gene expression microarrays and in situ hybridization in hamsters and genetically infertile mice, the authors have identified a variety of known and novel factors involved in reversible, transcriptional, translational, and posttranslational control of testicular function, as well those involved in cell division and macromolecular metabolism. The novel genes uncovered could be potential targets for therapies against fertility disorders.
Attempts to elucidate the molecular basis of spermatogenesis range from analysis of the contribution of individual gene products to broadly based screens of differential gene expression in testes (Matzuk and Lamb, 2002) . Such screens, most recently using DNA microarrays, have characterized suites of gene products associated with particular stages of normal, physiological testicular development and pubertal activation (Ostermeier et al., 2002; Shima et al., 2004) . Microarrays have also been used to look for differentially expressed genes in pathological conditions in humans and animal models of genetically determined or idiopathic aspermatogenesis (Beissbarth et al., 2003; Fox et al., 2003; ellis et al., 2004; Maratou et al., 2004; Rockett et al., 2004) . These genes may contribute to the underlying pathology, or their contrasting patterns of expression could highlight critical factors associated with fertility. Such studies have thus helped to establish a framework to understand how programmed patterns of gene expression contribute to early testicular development and the initiation of spermatogenesis. Moreover, they have revealed a Differential Testicular Gene expression in Seasonal Fertility elizabeth S. Maywood, *,2 Samira Chahad-ehlers, †,2 Martine L. Garabette, ‡,2 Claire Pritchard, § Phillip Underhill, § Andrew Greenfield, § Francis J. P. ebling, || Ruth A. Akhtar, † Charalambos P. Kyriacou, † Michael H. Hastings, * and Akhilesh B. Reddy *, ¶,1 series of cell-type-specific genes implicated in various endocrine responses of the testes (Schultz et al., 2003; Chauvin and Griswold, 2004; Sadate-Ngatchou et al., 2004a , 2004b Shima et al., 2004; Small et al., 2005; Zhou et al., 2005; eacker et al., 2007) . In most mammals, however, fertility is predominantly a reversible, seasonal phenomenon, regulated principally by changes in day length detected by the circadian (24-h) timing system (Lincoln and Short, 1980; Hastings, 1991; Goldman, 1999; Malpaux et al., 2001) . Through the lifetime of an individual male, spermatogenesis is alternately activated and repressed on an annual basis due to photoperiodically driven changes in pulsatile gonadotrophin secretion. These are in turn dependent on photoperiodically driven changes in the duration of nocturnal secretion of melatonin by the pineal gland: the key seasonal stimulus to the neuroendocrine axis (Bartness et al., 1993; Goldman, 2001; Lincoln et al., 2006) . The seasonally inactivated seminiferous tubules are greatly reduced in size and lose almost all spermatocytes and spermatids, whereas the spermatogonia and Sertoli cells remain in an inactive condition (Berndtson and Desjardins, 1974; Hikim et al., 1988) . Moreover, steroidogenesis by Leydig cells is suspended. These dramatic changes are, however, completely reversible in a physiological fashion. Prolonged exposure to short day lengths is accompanied by a spontaneous reactivation of the hypothalamo-pituitary-gondal axis and full restoration of fertility appropriate to the animal's seasonal niche (Berndtson and Desjardins, 1974; Almeida and Lincoln, 1984; Goldman, 2001) . This photorefractory state allows the animal to anticipate changes in day length, initiating spermatogenesis in advance of exposure to stimulatory (long) day lengths.
The specific patterns of differential gene expression in the testis that underlie this physiological suspension of spermatogenesis, and its reactivation after a seasonal delay, are not known. The importance of these genes is that they could hold the key to understanding physiologically regulated fertility. Unlike many genes previously identified in screens of testicular development, they are not necessarily involved in the initial specification or establishment of a testis. More likely, they are a select set of genes necessary for switching spermatogenesis. In particular, their analysis may highlight critical factors involved in physiological down-regulation of spermatogonial and Sertoli cell function.
The aim of this study, therefore, was to employ cDNA microarrays to study differential gene expression in the testis of a well-characterized seasonal mammal, the Syrian hamster, in the context of reversible, seasonal infertility. We anticipated 2 principal groups of genes. Those genes whose expression is down-regulated in the involuted testis (in which spermatogenesis is suspended) would, by definition, be associated with the activation of spermatogenesis. Second, genes whose expression is relatively enriched in the involuted testis may be connected with inactivation of sperm production (i.e., they are inhibitory genes), or alternatively, their expression may be maintained nonspecifically in somatic tissue, which constitutes the bulk of the involuted testis. Furthermore, we tested the dependence of these changes on melatonin by performing pinealectomies in hamsters prior to exposure to inhibitory short day lengths. This would not interfere with their circadian synchronization, but it would prevent testicular involution, which is dependent on the blood melatonin profile produced by the pineal gland (Hastings et al., 1985a (Hastings et al., , 1985b .
MATERIALS AND METHODS

Animals
All animal procedures were licensed by the Home Office (U.K.) under the Scientific Procedures (Animals) Act, 1986. Adult male Syrian hamsters (100-120 g; Harlan Olac, UK) were housed individually under a daily schedule of 16 h bright white light (>250 lux) and 8 h dim red light (<20 lux) for 6 wk with food and water available ad libitum. Animals were then subjected to pinealectomy (PX) or sham surgery (INT) as described previously (Maywood et al., 1996) . Upon recovery from surgery after 2 wk, the hamsters were transferred to a short photoperiod (SD) of 8 h bright light and 16 h dim red light. Weekly testicular palpation was used to monitor the progression of gonadal involution in INT males exposed to SD. After 12 wk of SD, gonadal involution in INT hamsters was complete in all hamsters. The animals were transferred to continuous dim red light for 24 h, and then groups (n = 6) of INT and PX animals were sacrificed by cervical dislocation at CT8 and CT20 (i.e., 8 or 20 h after projected lights-on), and their testes were dissected and immediately frozen on dry ice. For microarray studies, RNA was extracted from the testes of 6 animals at each time point (CT8, CT20) in each treatment group (PX, INT) and then pooled in equal quantity before hybridization to microarrays.
Similarly, a further set of testes from an additional 4 hamsters for each of the above groups were sectioned by cryostat for in situ hybridization for genes of interest. A further group of sham-operated animals was left in SD until 22 wk, by which time the testes had spontaneously recrudesced as a result of the photorefractory response (i.e., loss of response to SD). These were also killed by cervical dislocation at CT8 (n = 4) and CT20 (n = 4) and tissue treated as before for in situ hybridization. Finally, testes from 4 hypogonadal (hpg) mice (Cattanach et al., 1977) and their wild-type littermates aged 5 to 6 mo were obtained from a colony held at the School of Biomedical Sciences, University of Nottingham, UK, originating from Jackson Labs (Bar Harbor, Me). These were fixed in 4% paraformaldehyde, and waxembedded sections of testes were used for in situ hybridization as described.
cDNA Microarrays
Approximately 50 mg of testicular tissue was homogenized in 1 ml of TRIZOL reagent (Invitrogen, Carlsbad, CA) at 4 °C, and then RNA was isolated using phenol-chloroform extraction and alcohol precipitation. RNA was then further purified using RNeasy Mini columns (Qiagen, Venlo, the Netherlands). Total RNA from 6 animals' testes were pooled in equal quantity, and this was then transcribed into cDNA with incorporation of fluorescently labeled (with Cy5 or Cy3 dye) dUTP by reverse transcription using SuperScript II (Invitrogen). Oligo-dT 25 , complementary to 3′ poly(A) tails of mRNA, was used as the primer for this reaction. The template RNA was degraded by alkaline hydrolysis, and the resulting Cy5/Cy3-labeled single-stranded cDNA was cleaned using CentriSep columns (Pe Biosystems, Carlsbad, CA) to remove enzymes and unincorporated primers/nucleotides before application to the spotted microarray for hybridization (Akhtar et al., 2002) . After overnight hybridization, arrays were subjected to a series of washes (in SSC) at room temperature and then dried by centrifugation before scanning. Analysis was then carried out using standard procedures; the basic analytical methods have been described by Turton et al. (2001) . Briefly, feature sizes, background, and feature fluorescence (either Cy3/ Cy5 channels) were calculated using the automated default parameters of Imagene 4.1 software (Biodiscovery, el Segundo, CA). The median fluorescence value for the pixels within the feature was calculated, and the raw data for each channel were then normalized by reference to the median fluorescence of the total feature set for that channel. A log 2 (Cy5/Cy3) ratio was then calculated.
Microarray Analysis
For the majority of our work, we used microarrays containing the well-known and characterized NIA 15K gene set to assay gene expression in PX and INT samples (Kargul et al., 2001) . Samples from PX and INT animals were compared against each other at both CT8 and CT20. In both cases, 2 comparisons were made with color swaps (labeling the Cy3-and Cy5-labeled samples with the other dye and vice versa), giving a total of 4 arrays. The patterns of differential gene expression revealed at CT8 and CT20, and with the respective color-swapped microarrays, were not significantly different, and so data from the 4 microarrays were combined to generate a mean fold-difference change. We used a further independent microarray, with fewer probes (approximately 2100), to further assess differential gene expression in a similar fashion. We have used these arrays for circadian analyses previously (Akhtar et al., 2001) . Genes were considered to be of interest if they showed at least a mean 2-fold change in expression between PX and INT samples. This was an arbitrary cutoff based on our previous experience with these microarrays and analysis of log2scatterplots of the raw data using standard statistical algorithms within the Genespring software. Raw data are deposited in the NCBI Gene expression Omnibus (GeO) Database under accession GSe10078.
To compare our expression patterns with published reports, the clones used on our own arrays and the genes reported by other groups were all identified by their most recent Unigene accession numbers. For all differentially expressed genes, a primary screen of previously reported tissue expression was made via the NCBI Gene expression Omnibus (GeO), which for various genes provided details of expression in Sertoli and Leydig cells, spermatogonia, spermatocytes, and spermatids (see Supplementary Table 1 ). In addition, some previous studies had characterized expression within testicular somatic tissue. Functional analysis was carried out using Genetools eGOn (for Gene Ontology grouping) and DAVID (for functional group classification; Dennis et al., 2003; Beisvag et al., 2006) .
In Situ Hybridization
In situ hybridization was conducted on an independent series of tissue samples using probes for mouse circadian clock genes, previously validated for hamster tissue (Maywood et al., 1999) , or by using riboprobes generated from IMAGe library clones corresponding to the microarray probes. For all novel probes, both sense and antisense transcripts were tested for hybridization signal as described previously (Akhtar et al., 2002) . None of the tested sense probes gave an appreciable signal, whereas all the antisense probes used showed reproducible signal in testes and/or liver. A subset of these was further validated by testing for specific signals on mouse testes, giving identical results. The tissue distribution of the hybridization signal generated by the riboprobes was comparable between mouse and hamster testes (see the Results section). NIH Image software was used to determine the intensity of the hybridization signal with the use of 14 C-microscales (Amersham, UK) that allowed optical density values from autoradiograms to be converted into quantitative nCi/g measurements (Akhtar et al., 2002) . For comparability with the microarray study, which employed RNA extracts from the entire tissue, initial measures of hybridization signal were integrated across the entire organ. In addition, for some genes with clearly heterogeneous tissue distribution, the local intensity of gene expression was determined in regions of maximal expression. Relative intensity measures, derived from at least 3 hamsters per time point, were compared by analysis of variance for the effects of circadian time and treatment (PX v. INT) on gene HeAT SHOCK PROTeIN 14 Hspa8
HeAT SHOCK PROTeIN 8 Hspd1
HeAT SHOCK PROTeIN 1 (CHAPeRONIN) expression. Post hoc comparisons were made by Dunnett's t-test.
RESULTS
Photoperiodic Regulation of Testicular Gene Expression Revealed by Microarray
As anticipated, exposure of sham pinealectomized, intact (INT) Syrian hamsters to short photoperiods for 12 wk led to testicular involution (testicular diameter, M ± SeM, INT week 1: 10.7 ± 0.2 mm; week 12: 4.5 ± 0.1 mm). This effect was blocked by pinealectomy (PX week 1: 9.8 ± 0.2 mm; week 12: 11.1 ± 0.2 mm). Histological analysis of the regressed testes of INT animals confirmed the reduction of seminiferous tubules, with closure of the lumen and loss of spermatocytes, spermatids, and spermatozoa (data not shown).
To determine gene expression patterns in activated and inactivated testes, we conducted analyses using microarrays containing the NIA 15K gene set (Kargul et al., 2001) . Consistently, across 4 independent microarray hybridizations, we found 94 transcripts significantly up-regulated in the active testes by at least a factor of 2 and 103 genes relatively downregulated by a factor of >2 (see Supplementary Table  1 ). A small number of these differentially regulated genes were represented by multiple spots on the array. Comparison between these multiple spots of the mean change in expression across the 4 hybridizations revealed a high level of consistency in the data. We also conducted a second, complementary study using microarrays that we have previously used to assay circadian gene expression (Akhtar et al., 2002) , with relatively fewer probes (approximately 2120) that did not overlap significantly with the NIA 15K probes, thus increasing the overall transcript coverage in our study. This additional microarray revealed only a few up-regulated/down-regulated transcripts between PX and INT groups. The only gene overlapping between the 2 studies was Y-box protein 2 (Ybx2). For further analysis, we therefore focused on genes from one or the other study.
Characteristic genes expressed in the active testes included A-kinase anchor protein 1 (Akap1) and Y-box protein 2 (Ybx2), the latter being an upstream regulator of protamine expression, implicated in male infertility (Hammoud et al., 2008) . About 60% (n = 56) of the transcripts enriched in the active testes were of unknown function, although 82% (n = 77) of the total of these transcripts had been previously reported as being expressed in testes-determined by analyzing existing data sets in the NCBI GeO microarray database (see the Materials and Methods section). Of the transcripts enriched in the inactive testis, 45% (n = 46) were of unknown function, but again, more than 80% (n = 86) of the total were previously identified as testicular products. Based on the available cell and tissue expression data from the NCBI GeO database, there was a clear difference in the likely cellular localization of the regulated transcripts. Of the genes enriched in the active testis, 49% (38 of 77) were spermatid products. In contrast, only a handful (7 of 86) of putative spermatid products were represented in the inactive testis, and of these, all but 1 are expressed in other testicular cell types (see Supplementary Table 1) .
Conversely, a large proportion of the transcripts enriched in the inactive testis (49%) were likely Sertoli cell products, whereas these accounted for less than 30% of the transcripts relatively enriched in spermatogenically active tissue. A similar pattern was evident for spermatogonial genes, with a relatively higher incidence in the inactive (34%) compared with the active testis (17%). These global changes in gene expression are therefore consistent with the histological changes that occur across the seasonal cycle, with the loss and then reappearance of spermatocytes and spermatids. Consequently, genes associated with the presence of spermatocytes and spermatids were expressed at far higher levels in the PX as opposed to INT samples. Moreover, Sertoli cell genes expressed at higher levels in the PX animal are likely associated with activation/ support of spermatogenesis ( Supplementary Table 1 ). The enrichment of Sertoli and spermatogonial genes in the inactive testis may represent either a simple consequence of the relative enrichment of these cell types in the organ or a real up-regulation, implying that increased expression of these genes is associated with suppression of spermatogenesis.
In Situ Hybridization of Known Genes Validates Microarray Findings and Reveals Cellular Localization of Differentially Expressed Genes in the Testis
To validate the microarray data, and to determine likely cellular patterns of expression, we performed in situ hybridization for selected genes on sections of testes from an independent set of PX and INT hamsters exposed to a short photoperiod. Also included were sections from testes of intact, but photorefractory, hamsters that had been exposed to a short photoperiod for 22 wk, leading to spontaneous reactivation of spermatogenesis. As anticipated, the known testicular genes Prm1, Tnp1, and Ybx2 were highly expressed within the tubules of PX hamsters. The expression levels of Prm1 and Tnp1 varied between individual tubules, being stage specific, whereas the signal intensity of Ybx2 was comparable in all tubules. In the testes of INT hamsters, expression of all 3 genes was at background level, whereas the reactivation of spermatogenesis following prolonged exposure to short photoperiods was accompanied by renewed expression of all 3 genes (Fig. 1 ).
The expression of 2 genes identified by the microarray as relatively down-regulated in the active testes, MARCKS-like protein (Mlp), which encodes a secreted signaling factor, and 3-phosphoglycerate dehydrogenase (Phgdh), the product of which initiates serine biosynthesis, showed a very different tissue distribution to the up-regulated genes. Hybridization signal was absent from the inner tubules and restricted to the outer tubule and possibly interstitial cells (Fig. 1) . In mice, both of these genes are expressed in spermatogonia, and the expression of Mlp is reduced with the onset of spermatogenesis. With regression of the inner tubules in INT hamsters, this likely spermatogonial signal remained and so was relatively enriched. Upon reactivation of the inner tubules in refractory animals, this relative enrichment was reversed, and expression was again evident in the outer tubule (Fig. 1) . These in situ analyses therefore corroborate the microarray data but also highlight the potential impact of spatially restricted, cellspecific gene expression on the interpretation of such data derived from whole-tissue homogenates. Specifically, does a relative enrichment in the INT testes represent an increase in signal per cell, or simply an enrichment of the total RNA sample by transcripts from these cells, which are relatively more abundant in the INT testis? To address this, we compared the intensity of the hybridization signal determined locally over the region of expression in individual tubules rather than across the entire testis. For both genes, the downregulation remained, with INT:PX ratios of 1.5 (Mlp) and 3.5 (Phgdh), indicating that both were expressed at higher levels in the relevant cells of the inactive testis.
In Situ Hybridization of Differentially Expressed Novel Testes Genes
To determine the spatial expression of novel genes within the testis and to further validate our microarray analyses, we conducted in situ hybridization for 10 randomly selected genes of unknown function at the time of analysis. Five were preferentially expressed in the spermatogenically active testes, and 5 were down-regulated in the active testis (Figs. 2 and 3) . The genes up-regulated in the spermatogenically active testis were strongly expressed in the inner and outer tubules, and the hybridization signal dropped to background levels in the regressed testes. The effect was clearly reversible because strong tubular signal was restored in the testes of fertile, photorefractory hamsters (Fig. 2) . In all cases, expression was developmentally regulated, with the intensity of the signal varying between tubules as a function of spermatogenic stage. In the mouse, the Rffl gene is expressed in spermatids and so is massively up-regulated after the onset of spermatogenesis, as is Dynein light chain 4 (Dnalc4), which also appeared to be in spermatids in the hamster (confirmed by emulsion autoradiography; data not shown). Eukaryotic translation elongation factor 1 gamma (Eef1g) is expressed in mouse spermatogonia, spermatocytes and Sertoli cells, whereas Nucleoporin 153 (Nup153) expression is reported in Sertoli cells. Both genes were tightly regulated by photoperiod in the hamster, being down-regulated in the involuted testis (Fig. 2) . Finally, expression of Ubiquitin specific protease 12 (Usp12) was clearly stage specific in hamster tubules, presumably in spermatids, and was absent from the regressed testis but restored in fertile, photorefractory animals (Fig. 2) .
The expression of genes identified by the microarrays as relatively down-regulated in the active hamster testis (i.e., enriched in the inactive testis) was restricted to the outer tubules and interstitial regions of the active testis (Fig. 3) . With the loss of spermatogenic function in the involuted testes, the overall signal intensity for these genes increased, whereas reduced and localized expression was again evident in the reactivated testes of refractory animals. A particular feature of this set of transcripts is the number reported in the mouse to be expressed in Sertoli cells. These include Ankyrin repeat domain 17 (Ankrd17), which was clearly stage specific in the hamster, varying in intensity between tubules (Fig.  3) . Levels were decreased in the photoperiodically activated testes when measured both across the testis (ratio PX:INT 0.49) and locally on tubules (ratio PX:INT 0.58).
Structure specific recognition protein (Ssrp1) and Transducin-like 1 X-linked (Tbl1x) are also Sertoli cell products in the mouse, the former also reported from spermatogonia (Sadate-Ngatchou et al., 2004a , 2004b Shima et al., 2004; Small et al., 2005 ; see Supplementary Table 1 for a summary). Local measurements indicated the expression of Ssrp1 was not especially sensitive to photoperiod in the hamster (local ratio 0.84) whereas Tbl1x clearly was (local ratio 0.55). These changes are consistent with the up-regulation of this gene observed in the inactive tubules of the hamster testes. Heat shock protein 70-14 (Hspa14) also declines after testicular maturation in the mouse, and it is also relatively enriched in interstitial cells, which is presumably the origin of expression in the hamster testis (Sadate-Ngatchou et al., 2004b; Small et al., 2005) . The local expression of this gene, however, did not appear to be photoperiodically regulated (local ratio 0.92). Finally, the function of D7Ertd753e is not known, but expression was restricted to the very outer tubule and/or the interstitial tissue of the testis and so was relatively increased on the microarray and in situ analyses but not appreciably so when analyzed locally (local ratio 0.96).
Regulated Expression of Photoperiodically Controlled Genes in Testes of Hypogonadal Mice
The foregoing in situ hybridization studies provided independent confirmation of photoperiodically driven changes in gene expression from a representative set of transcripts in the hamster testis. As a further validation, we determined whether the changes observed in the context of this physiologically regulated, reversible, spermatogenesis arrest could be observed in a congenital aspermato-genic condition where testicular development is arrested at a neonatal stage due to the lack of hypothalamic-pituitary stimulation (Cattanach et al., 1977; ebling et al., 2006) . We therefore performed in situ hybridization to determine the impact of the hypogonadal (hpg) mutation in the mouse on the expression of a subset of these seasonally regulated genes. As anticipated, the r obust expression of Prm1, Tnp1, and Per1 in wild-type mouse testis was absent in hpg tissue (Fig. 4) . Moreover, the expression of Rffl, Dnalc4, Eef1g, and Nup153 were all suppressed in the testes of mutant mice (Fig. 4) . Conversely, the expression levels of the genes relatively enriched in the photoperiodically suppressed testis, D7Ertd753e, Ankrd17, Ssrp, Tbl1x, and Hspa14, were also increased in the hpg testis. On the basis of this cross-validation by in situ hybridization, using independent samples of hamster and mouse testes, and with additional biological data from photoperiodically refractory hamsters and the hpg mouse, we propose that the changes in gene expression revealed by DNA microarray of the photoperiodically regulated testes of hamster represent a series of potential targets for the reversible control of male fertility. 
DISCUSSION
The set of differentially expressed genes associated with seasonal fertility and infertility in the Syrian hamster is a component of a transcriptomic set associated with reversible activation of spermatogenesis. They therefore complement previous reports in the mouse of gene sets specifically activated with the onset of spermatogenesis and testicular specification (Schultz et al., 2003; Chauvin and Griswold, 2004; Sadate-Ngatchou et al., 2004a , 2004b Shima et al., 2004; Small et al., 2005; Zhou et al., 2005; eacker et al., 2007) . By using the hamster as a model system, it is conversely possible to discover genes that are associated with reversibly turning off testicular function, which is a unique property of seasonal reproduction.
We used microarrays that did not specifically select for testes-enriched transcripts. An advantage of this approach was that unexpected and important transcriptional pathways, which have hitherto not been associated with activation/inhibition of testicular activity, could be identified. Overall, we found that ∼2% of transcripts were differentially regulated. This is a relatively low number compared with the findings of studies looking at, for example, differential expression of genes during testicular maturation, in which one study found that ∼20% of genes assayed were regulated (Shima et al., 2004) . The difference in hit rate no doubt reflects the fact that, in our study, genes specifically associated with switching spermatogenesis on/off were detected, whereas in other studies, there was obviously a significant contribution of genes important in tissue specification and maturation. Another potential reason for this difference could have been because of the interspecific use of microarrays, originally designed for murine analysis, in assaying hamster transcription (Bar-Or et al., 2007) . However, for a number of reasons, we do not think this was a significant factor. First, expression levels and overall hybridization signals across the microarrays were similar to that seen in similar murine analyses. Second, validation experiments using in situ hybridization, with riboprobes directed against mouse mRNA, reproducibly targeted hamster tissues with the same tissue distribution as that seen in wild-type mouse testis. Therefore, we are confident Functionally, genes differentially expressed in the active testes of pinealectomized animals fell into a number of distinct categories, according to their Gene Ontology (GO) groupings (Fig. 5 ). Most functional categories contained a similar proportion of genes that were up-regulated or down-regulated in the active testis (e.g., genes involved in binding DNA/protein and those regulating catalytic activity and structural processes). In contrast, motor activity genes (regulating flagellar assembly/function) were up-regulated in active testes, whereas genes mediating antioxidant activity, molecular transduction, and transport were down-regulated ( Fig. 5) . Thus, using simple GO characteristics, there are clear pathways that are favored and suppressed in the spermatogenically active testis (Beisvag et al., 2006) .
We also employed a more sophisticated classification strategy (DAVID) to decipher clusters of genes that are co-regulated and functionally linked (Dennis et al., 2003) . This revealed some complementary findings to those from the GO analysis. In the active testis, protein catabolism but RNA/DNA elaboration appears to be favored (Table 1 ). This is revealed by activation of a number of genes involved in protein degradation, by both the proteasome (Usp12, Usp37) and independently of it (Nrd1, Thop1). Concurrently, there is deactivation of protein synthesis, as illustrated by significantly decreased expression of ribosomal proteins (Rpl10, Rpl36a, Rps26) , an elongation factor (Gfm1), and a translation termination factor (Etf1). Furthermore, 4 molecular chaperones (Cct8, Chaperonin, Hspa14, Hspa8), essential for proper protein fold ing, were down-regulated in the spermatogenically active tissue (Table 1) . The active testis also up-regulates multiple genes a ssociated with transcriptional regulation/chromatin structure, including Hoxb1, Pias2, Tfam, and Ybx2, as well as those involved in cell division (e.g., Cdc34). In synergy, there is increased expression of factors involved in macromolecule metabolism (including DNA/RNA) in coordination with the presumed upturn in demand for nucleotides and so forth for these processes (Table 1) .
What do these gene expression changes mean for the active testis? Spermatogenesis involves a number of stages including mitosis, meiosis, and cellular remodeling to finally create spermatids, the carriers of male hereditary information. Sertoli cells support and regulate this process, and we would thus expect them to have a different molecular milieu, suited to their particular role. This is indicated in this study, with, for example, factors associated with DNA packaging and chromatin remodeling (e.g., Protamine1/2, Pias2, Ybx2), expressed in late-stage cells (spermocytes and spermatids) but not in spermatogonia or Sertoli cells. Conversely, factors important for cell division (e.g., Cdc34) are up-regulated in early-stage cells (spermatogonia) but not in spermatids (see Supplementary Table 1 ). Protein degradation is favored overall in the active testis, which might be anticipated, as the major function of the testis is to make and package DNA into spermatids. However, it is likely that specific proteins are degraded at different stages of the spermatogenic cycle, and accordingly, expression of different protein degradation factors is up-regulated in specific compartments. Sertoli cells express Nrd1 at increased levels, whereas spermatids elaborate more Thop1 transcript. A number of ribosomal genes, important for protein synthesis in general, are down-regulated in cell types (see Table 1 and Supplementary Table 1 ). Overall, the gene expression changes we observed complement the biological function of the testis, and its subcomponents, in active spermatogenesis. More than 200 mouse genes are currently known to result in some form of infertility when mutated (Matzuk and Lamb, 2002) . Many of these have been discovered by phenotypic analysis of transgenic and knockout mice. It is highly likely that many more such fertility loci remain to be discovered, not only by further targeted approaches but also by analysis of spontaneous mutants (Rule et al., 1999; Lalouette et al., 1996; Meng et al., 2002; Harada et al., 2003; Cha et al., 2004; Clark et al., 2004) and by focused chemical mutagenesis screens (Lessard et al., 2004) . The uncharacterized expressed Sequence Tags exhibiting differential expression identified in this study may thus be candidates for the genes underlying uncharacterized fertility loci associated with defects in spermatogenesis.
